1. Introduction {#s0005}
===============

Gastric ulcer appears as a result of discrepancy between hostile and shielding factors in the stomach ([@b0205]). The key hostile factors comprise high gastric acid secretion, ethanol consumption, irregular motility, *Helicobacter pylori* infection and non-steroidal anti-inflammatory drugs (NSAIDs). On contrary, the major shielding factors include: prostaglandin synthesis, mucus secretion, production of bicarbonate as well as normal tissue blood supply ([@b0230]). In Saudi Arabia, the rate of *H. pylori* infection is high among Saudi population suffering from gastric ulcer ([@b0050], [@b0185], [@b0195]). Moreover, NSAIDs are highly consumed in Saudi Arabia. A survey questionnaire was distributed to 3000 individuals from the major metropolitan areas in the Kingdom, and among 500 responders, 43.33% of them were took painkillers daily ([@b0020]).

In the middle of the NSAIDs, indomethacin was perceived as the most powerful ulcerogenic to humans ([@b0105]). In the gastric tissue, it was found to induce a range of pro-inflammatory mediators, inhibit the gastroprotective cyclooxygenase-1 (COX-1) and angiogenesis ([@b0265]). Further, NSAIDs add to gastric mucosal damage through induction of oxidative stress with consequent generation of reactive oxygen species (ROS) ([@b0255]). In addition, they block the gastroprotective effects of prostaglandin E2 (PGE 2) that augments mucus and bicarbonate secretions as well as gastric blood supply ([@b0015]). What\'s more, NSAIDs down-regulates the pro-angiogenic factors such as vascular endothelial growth factor (VEGF), thus delaying ulcer healing (Tarnawski, 2005).

Chinese herbs are the most primeval and still broadly used conventional medicines ([@b0150]). Tetramethylpyrazine (TMP) is an isolated purified chemical, recognized as a constituent of *Ligusticum wallichii* Franchat. This Chinese herb has been largely utilized in the treatment of vascular diseases in CNS and CVS ([@b0075], [@b0115], [@b0110]). The isolated compound TMP has remedial effects in various diseases. Formerly, TMP has been shown to protect against reserpine-induced gastric lesion in rats, probably by promoting mucous barrier ([@b0260]). In CNS, TMP guarded against brain ischemic injuries ([@b0215]), and enhanced VEGF expression in a rat model of chronic alcoholic encephalopathy ([@b0145]). Peripherally, TMP was able to prevent ethanol-induced hepatocellular injury by inhibiting oxidative stress ([@b0160]). Thus, TMP was proven to possess antioxidant, anti-inflammatory and angiogenenic activities in various diseases. Consequently, the current hypothesis is that TMP could protect against gastric ulcer induced by NSAIDs through interfering with mechanisms implicated in their ulcerative potential as oxidative stress, inflammation and angiogenesis. Therefore, the aim of current study was to explore the potential gastroprotective effect of TMP against indomethacin-induced gastric ulcer in rats along with the likely causal mechanisms.

2. Materials and methods {#s0010}
========================

2.1. Drugs and chemicals {#s0015}
------------------------

Indomethacin, omeprazole and TMP were purchased from Sigma Aldrich (MO, USA) with Cat. \# (I8280), (O104) and (183938) respectively. Phosphate buffer, formalin and all other chemicals were of the highest purity grade commercially available.

2.2. Animals {#s0020}
------------

Animal handling was approved - in advance - by the biomedical ethical committee, King Abdulaziz University, Jeddah, Saudi Arabia (ethical approval \# 608-18). Male Wister rats were purchased from the animal house of King Fahd Medical Research Center, Jeddah; acclimatized for one week in an air-conditioned atmosphere at (22 ± 2 °C), under a 12 h light/dark cycle and fed *ad libitum* with free access to water.

2.3. Experimental design {#s0025}
------------------------

Initial pilot screening has been carried out to determine the optimum time interval to reach the maximum ulcerogenic state after i.p. injection of indomethacin 25 mg/kg ([@b0060]). In fact, rats' stomachs reached maximum ulcerogenic state after 4 h. Then, 42 adult males Wistar rats weighing 150--170 gm were randomly divided into 7 groups (6 animals each) and fasted 16 h before oral administration of drugs with sawdust exclusion. The first group was the control group and given only regular diet and the vehicle (Na-CMC 0.5% w/v) at a maximum volume of 10 mL/kg. Then, rats were dissected after 3 days of starting the experiment. Second group received only indomethacin at a single dose of 25 mg/kg i.p on the day of dissection. The third group was pretreated with omeprazole 30 mg/kg po for 3 days. On the third day, rats were challenged with indomethacin 25 mg/kg i.p. after one hour of omeprazole last dose. Fourth, fifth and sixth groups were pretreated orally with TMP; 15, 30 and 60 mg/kg, respectively for 3 days. These doses were selected according to the tested dosage range of TMP in previous studies regarding its antioxidant and anti-inflammatory properties ([@b0165], [@b0260]). On the third day, rats were injected indomethacin 25 mg/kg i.p. after one hour of TMP last dose. Based on the preliminary study, all treatment groups were dissected after 4 h of indomethacin challenge. The seventh group was administered TMP alone 60 mg/kg PO for 3 days and then dissected.

2.4. Morphological and histological examination {#s0030}
-----------------------------------------------

Rats' stomachs were cut through the greater curvature, washed with saline (0.9% NaCl) and photographed using an appropriate digital camera. Then, the stomachs were examined macroscopically for hemorrhagic lesions developing in the glandular mucosa. The length (mm) of each lesion was measured. Ulcer index was determined as follows: Ulcer index = 10/x, where "x" is total mucosal area/total ulcerated area ([@b0200]).

Representative tissue samples were fixed in formalin saline for preparation of paraffin blocks, and then cut into 4 µm thickness sections by slide microtome. After that, sections were stained with Hematoxylin and Eosin stain for routine histological examination ([@b0025]) and examined under light microscopy (Nikon, Eclipse 80i, Japan). The pathological changes were assessed by a qualified histopathologist according to the method of [@b0210]: \[1\] epithelial cell loss (score: 0--3), \[2\] hemorrhage (score: 0--4), \[3\] inflammatory cell infiltration (score: 0--2) and \[4\] mucosal erosions (score: 0--4).

2.5. Mucin assessment {#s0035}
---------------------

The mixture of the Alcian blue and PAS (Periodic Acid--Schiff) method was utilized for mucin staining, irrespective of the charge nature of the mucin as either acid or neutral mucin ([@b0025]). After hydration, sections were placed in acetic acid solution (3%) for 3 min, and then in Alcian Blue Stain (1%, pH 2.5) for 15 min, followed by washing in gently running tap water 1--2 min. Then, slides were placed in periodic acid 0.5%, for 5 min, then in Schiff Reagent for 10 min and washed in lukewarm tap water for 5--10 min. Afterward, slides were stained lightly in hematoxylin stain and quantitative analysis of mucin secretion was assessed by an image analysis software (ImageJ, 1.48a, NIH, USA), as optical density (OD) across six different areas for each rat section.

2.6. Assessment of oxidative stress markers {#s0040}
-------------------------------------------

Reduced glutathione (GSH) was measured by biochemical kit purchased from Biogiagnostics Cat. \# CR2510 (Giza, Egypt). The method is built on production of a reduced chromagen (yellow color) which result from reduction of glutathione (GSH) with 5,5′ dithiobis (2-nitrobenzoic acid) (DTNB) ([@b0040]). MDA was measured by biochemical kit purchased from Biodiagnostics Cat. \# MD 2528 (Giza, Egypt). The end product (thiobarbituric acid reactive product) resulted from thiobarbituric acid (TBA) reaction with malondialdehyde (MDA) in acidic medium at temperature of 95 °C for 30 min ([@b0120]). Enzymatic CAT activity was measured by biochemical kit purchased from Biogiagnostics Cat. \# CA 2516 (Giza, Egypt), according to [@b0010].

2.7. Assessment of Tumor Necrosis Factor (TNF-α), Interleukin-6 (IL-6) and Intracellular Adhesion Molecule-1 (ICAM-1) {#s0045}
---------------------------------------------------------------------------------------------------------------------

Measurement of TNF-α, IL-6 and ICAM-1 concentrations in stomach homogenate was carried out utilizing enzyme linked immunosorbent assay kits: TNF-α (Cat. \#BMS622) and IL-6 (Cat. \# BMS625), purchased from Thermo Fisher Scientific, (Austria), while ICAM-1 kit (Cat. \# MBS494781) was obtained from MyBioSource (USA). All kits adopted the sandwich technique of ELISA, according to the manufacturers' instructions.

2.8. Assessment of Cycloxygenase-1 (COX-1) and Prostaglandin E2 (PGE2) {#s0050}
----------------------------------------------------------------------

Evaluation of COX-1 activity in gastric tissue homogenate was carried out by COX-1 kit (Cat. \# MBS703362) obtained from MyBioSource (USA), based on the sandwich technique. However, the assay of PGE2 was completed using ELISA kit for PGE2 (Cat. \# EHPGE2), purchased from Thermo Fisher Scientific, (Austria), based on the competitive technique.

2.9. Immunohistochemical detection of the angiogenic marker VEGF {#s0055}
----------------------------------------------------------------

Immunohistochemical (IHC) staining is used to detect VEGF in tissue slices by labeling the antibody/antigen compound with an enzyme that reacts with a suitable substrate to give a colored product ([@b0065]). Briefly, 4 µm thick paraffin embedded tissue slices were deparaffinized, hydrated and then blocked with bovine serum albumin (BSA, 5%) in tris buffered saline (TBS) for 2 h. The slices were then incubated overnight at 4 °C with the primary rabbit polyclonal antibody to VEGF (Abcam, Anti-VEGF 164 antibody, Catalog \#: ab53465), followed by washing and incubation with the secondary antibody. Thereafter, slices were washed with TBS and incubated for 10 min in a solution of 0.02% diaminobenzidine containing 0.01% H~2~O~2~. Counter staining was made by hematoxylin, and the slides were visualized under a light microscope. The IHC quantitation of all antibodies staining was completed by image analysis software (ImageJ, 1.48a, NIH, USA), as OD of brown-stained (positive) cells across six different areas for each rat section.

2.10. Measurement of total protein content in tissue homogenates {#s0060}
----------------------------------------------------------------

The measurement of protein content in rat stomachs was accomplished according to the manufacturer instructions using protein assay kit (Cat. \#23227), purchased from Thermo-Fisher Scientific, (Austria). Protein Assay is based on bicinchoninic acid (BCA) for the colorimetric recognition and quantitation of total protein ([@b0100]).

2.11. Statistical analysis {#s0065}
--------------------------

Data are given as mean ± SD. Multiple comparisons were completed by utilizing one-way ANOVA followed by Tukey's as a post-hoc test. Probability value P \< 0.05 was considered as the criterion for significance. All statistical analyses were completed using GraphPad Instat software version 3. Graphs were drawn using GraphPad Prism software version 8 (GraphPad Software, Inc., La Jolla, CA, USA).

3. Results {#s0070}
==========

3.1. Effect of TMP pretreatment on stomach morphology, histopathology and mucus secretion {#s0075}
-----------------------------------------------------------------------------------------

Stomach from control group showed normal mucosa without any injuries ([Fig. 1](#f0005){ref-type="fig"}A). However, indomethacin-exposed group showed bloody streaks injuries ranging from 0.5 to 5 mm in length ([Fig. 1](#f0005){ref-type="fig"}B), quantified by a significant increase in ulcer index ([Fig. 1](#f0005){ref-type="fig"}H). Pretreatment with omeprazole (standard drug) effectively protected the mucosal layer, without any significant difference in ulcer index from the control group ([Fig. 1](#f0005){ref-type="fig"}C & H). Rats pretreated with TMP (15 and 30 mg/kg) showed bloody streaks but to a much lesser extent than indomethacin-exposed group ([Fig. 1](#f0005){ref-type="fig"}D & E; respectively). On the other hand, pretreatment of rats with TMP (60 mg/kg) revealed superficial blood vessel congestion indicating minor injuries, with significant decrease of ulcer index compared to indomethacin-exposed group ([Fig. 1](#f0005){ref-type="fig"}F, H). TMP alone treated group presented normal morphology of stomach tissue ([Fig. 1](#f0005){ref-type="fig"}G).Fig. 1Macroscopic photographs of rats stomachs; (A) Control group showing normal mucosa; (B) Indomethacin-exposed group with severely hemorrhagic ulcerated mucosal layer; (C)Omeprazole-pretreated group (standard drug) (30 mg/kg)effectively protect mucosal layer; TMP-pretreated groups with dosages 15 and 30 mg/kg, (D and E respectively) viewing bloody streaks less severe than (B); (F and G):TMP pretreated group and TMP-alone group; respectively; both treated with 60 mg/kg), showing minor injuries and normal mucosa, respectively, (H) Ulcer index = 10/x, where "x" is total mucosal area / total ulcerated area. (n = 6) a and b: statistically significant from the corresponding control and indomethacin group, respectively, at P \< 0.05 using one-way analysis of variance (ANOVA) followed by Tukey's as a post-hoc test.

Regarding histopathological examination as shown in [Fig. 2](#f0010){ref-type="fig"}A, control group showed normal gastric histological architecture. However, Indomethacin-exposed rats showed reduced mucosal thickness with destructed lining epithelium of mucosal layer associated with focal ulceration and necrosis, as well as congestion of blood vessels, manifested quantitatively by significant elevation of histological score ([Fig. 2](#f0010){ref-type="fig"}B, H). Group pretreated with omeprazole ([Fig. 2](#f0010){ref-type="fig"}C) showed normal histological structure of gastric tissue. Likewise, pretreatment with TMP at 60 mg/kg dose ([Fig. 2](#f0010){ref-type="fig"}F) and TMP-alone treated groups ([Fig. 2](#f0010){ref-type="fig"}G) showed no histopathological alterations, with no significant difference in histological score from the control ([Fig. 2](#f0010){ref-type="fig"}H). Groups pretreated with TMP 15 and 30 mg/kg ([Fig. 2](#f0010){ref-type="fig"}D and E respectively) showed less sever destructed lining epithelium of mucosal layer with little congestion in a dose-related manner, quantified as histological score ([Fig. 2](#f0010){ref-type="fig"}H). These effects have been reflected on mucin content. [Fig. 3](#f0015){ref-type="fig"}A showed Stomach tissue from control group represented Alcian blue/PAS positive reaction (arrows) which appeared as dark blue or purple color in mucosal layer. Yet, gastric tissue from indomethacin-exposed group showed no reaction in the part of ulceration of the mucosa, with significant reduction of OD compared to the control ([Fig. 3](#f0015){ref-type="fig"}B, H). Pretreatment with omeprazole (30 mg/kg) moderately improved mucus production as quantified by significant increase of OD compared to the indomethacin --exposed group ([Fig. 3](#f0015){ref-type="fig"}C, H). In addition, TMP pretreated group (15 mg/kg) showed mild improvement of mucus secretion ([Fig. 3](#f0015){ref-type="fig"}D). Interestingly, groups pretreated with TMP (30 and 60 mg/kg) as well as TMP-alone treated group demonstrated marked increase of mucus secretion even more than the control group ([Fig. 3](#f0015){ref-type="fig"}E, F and G respectively). This effect was further confirmed by significant increases of OD of these groups compared to the control ([Fig. 3](#f0015){ref-type="fig"}H).Fig. 2The effect of TMP pretreatment on indomethacin-induced histopathological changes of gastric tissue (×100). Group (A): control group presented normal histological structure of the mucosa, submucosa, muscularis mucosa and serosa, Group (B):indomethacin-exposed group, showed reduced mucosal thickness with destructed lining epithelium of mucosal layer and congested blood vessels (arrow), Group (C):showed normal histological structure of gastric tissue. Likewise, pretreatment with TMP at 60 mg/kg dose (F) and TMP-alone treated groups (G) showed no histopathological alterations. Groups pretreated with TMP 15 and 30 mg/kg (D and E respectively) showed less sever destructed lining epithelium of mucosal layer with little congestion in a dose-related manner, (H) Histological score (n = 6) a and b: statistically significant from the corresponding control and indomethacin group, respectively, at P \< 0.05 using one-way analysis of variance (ANOVA) followed by Tukey's as a post-hoc test.Fig. 3The effect of TMP pretreatment on changes of mucus secretion as Alcian blue/PAS reaction in mucosal layer (arrows) (×100). Control group (A) demonstrated strong positive reaction (+++); (B) Indomethacin-exposed group showed negative reaction representing diminished mucin secretion (-); (C):Omeprazole-pretreated group showed moderate reaction (++). Moreover, pretreatment with TMP at dose 15 mg/kg pretreatment illustrated moderate reaction (++) (D). Interestingly, rats pretreated with TMP (30 and 60 mg/kg)(+++) as well as TMP-alone (+++) treated group demonstrated intense reaction even more than the control group (E, F and G respectively), (H) Quantitative ImageJ analysis (n = 6) for mucin secretion expressed as optical densities (OD). a and b: statistically significant from the corresponding control and indomethacin group, respectively, at P \< 0.05 using one-way analysis of variance (ANOVA) followed by Tukey's as a post-hoc test.

3.2. Effect of TMP pretreatment on oxidative stress biomarkers {#s0080}
--------------------------------------------------------------

The antioxidant effect of TMP was evaluated via assessment of GSH content, MDA concentration and CAT activity in gastric homogenate. As shown in [Fig. 4](#f0020){ref-type="fig"}A, indomethacin exposure significantly (p \< 0.001) reduced GSH content by about 85% as matched to the control group. Moreover, pretreatment with omeprazole caused significant (p \< 0.001) increase (4-folds) of GSH content, compared to indomethacin-exposed group. Groups pretreated with TMP (15, 30 and 60 mg/kg) demonstrated significant (p \< 0.001) rises in GSH content as matched to indomethacin-exposed group by 1.9, 3.3 and 4.5-folds, respectively in a dose-related manner. Regarding MDA concentration, indomethacin exposure caused significant (p \< 0.001) increase (2.5-folds) as compared to the control group. On the other hand, pretreatment of rats with omeprazole demonstrated significant (p \< 0.001) drop in MDA concentration by 56.6%, compared to indomethacin-exposed animals. Moreover, groups pretreated with TMP 15, 30 and 60 mg/kg showed significant decreases (p \< 0.001) in MDA concentration by 34.9%, 54.6 and 65.7% respectively, compared to indomethacin-exposed group. It is worthy noted that animals treated with TMP-alone presented no significant difference, compared to control group ([Fig. 4](#f0020){ref-type="fig"}B). As shown in [Fig. 4](#f0020){ref-type="fig"}C, indomethacin exposure caused a significant (p \< 0.001) reduction of CAT enzyme activity by 57.3% compared to control group. However, group pretreated with omeprazole demonstrated significant (p \< 0.001) increase of CAT activity by 81%, compared to indomethacin-exposed rats. Groups pretreated with TMP 30 and 60 mg/kg revealed significant (p \< 0.001) increase in CAT activity compared to indomethacin-exposed group in a dose-related manner. However, pretreatment with TMP at dose 15 mg/kg showed no significant difference compared to indomethacin-exposed group. Again, TMP alone-treated group showed no significant difference matched to control group.Fig. 4Effect of pretreatment with TMP on oxidative biomarkers: (A) GSH content, (B) MDA concentration, (C) CAT activity in indomethacin-induced gastric ulcer in rats. Data are presented as mean ± S.D. (n = 6) a and b: statistically significant from the corresponding control and indomethacin group, respectively, at *P* \< 0.05 using one-way analysis of variance (ANOVA) followed by Tukey's as a post*-hoc* test.

3.3. Effect of TMP pretreatment on inflammatory biomarkers: TNF-α, IL-6 and ICAM-1 {#s0085}
----------------------------------------------------------------------------------

As shown in [Table 1](#t0005){ref-type="table"}, indomethacin-exposure resulted in pro-inflammatory response which was demonstrated by the dramatic (p \< 0.001) increase in TNF-α concentration in the gastric tissues by 5.5 folds, compared to the control group. Unfortunately, pretreatment with TMP 15 mg/kg showed no significant difference, compared to indomethacin-exposed group. On the other hand, pretreatment with omeprazole (30 mg/kg) or TMP at doses (30 and 60 mg/kg) displayed an anti-inflammatory effect by significantly (p \< 0.001) decreasing TNF-α concentration compared to indomethacin-exposed group by 64.73%, 26.31% and 61.57%respectively. Once more, TMP alone-treated group showed no significant difference compared to the control group. Concerning IL-6, indomethacin exposure caused significant (p \< 0.001) increase in its concentration (\~1.5-folds) as compared to the control group. Conversely, pretreatment with omeprazole demonstrated significant (p \< 0.001) drop in IL-6 concentration by 48.6% as compared to indomethacin-exposed rats. Furthermore, groups pretreated with TMP 15, 30 and 60 mg/kg exhibited significant (p \< 0.001) decreases in IL-6 concentration by 20.64%, 39.29 and 59.79% respectively, compared to indomethacin-exposed group. No significant difference from the control group was detected with TMP-alone treatment. A similar pattern of activity was detected with ICAM-1 assessment, where indomethacin caused obvious (5-fold) increase of its concentration, compared to the control group. Again, TMP 15, 30 and 60 mg/kg showed significant dose-related decreases of ICAM-1 concentration, compared to indomethacin-exposed group ([Table 1](#t0005){ref-type="table"}).Table 1Effect of TMP pretreatment with on inflammatory biomarkers: TNF-α, IL-6 and ICAM-1 in indomethacin-induced gastric ulcer in rats.GroupTNF-α\
(ng/mg protein}IL-6\
(pg/mg protein)ICAM-1\
(pg/mg protein)Control0.29 ± 0.0238.69 ± 1.892.02 ± 0.32Indomethacin (INDO) (25 mg/kg)1.9^a^ ± 0.19102.62^a^ ± 15.5510.57^a^ ± 1.59Omeprazole (30 mg/kg) + INDO0.67^a,b^ ± 0.0952.74^a,b^ ± 4.745.47^a,b^ ± 0.64TMP (15 mg/kg) + INDO1.96^a^ ± 0.1381.43^a,b^ ± 7.307.67^a,b^ ± 0.93TMP (30 mg/kg) + INDO1.40^a,b^ ± 0.1162.30^a,b^ ± 7.956.04^a,b^ ± 0.72TMP (60 mg/kg) + INDO0.73^a.b^ ± 0.1041.26^b^ ± 4.503.87^a,b^ ± 0.35TMP alone (60 mg/kg)0.31^b^ ± 0.0335.45^b^ ± 3.892.14^b^ ± 0.42[^1]

3.4. Effect of TMP pretreatment on COX-1 and PGE2 concentrations {#s0090}
----------------------------------------------------------------

As shown in [Fig. 5](#f0025){ref-type="fig"}A, COX-1 concentration in gastric tissue homogenate was decreased significantly (p \< 0.001) by 79.1% due to indomethacin-exposure, compared to the control group. However, group pretreated with omeprazole demonstrated significant (p \< 0.001) rise of COX-1 concentration by \>3 folds, compared to indomethacin-exposed group. Additionally, TMP pretreatment with doses (30 and 60 mg/kg) produced significant (p \< 0.001) increases in COX-1 concentration in a dose-related manner, compared to indomethacin-exposed group. Such effects on COX-1 concentration was reflected on the synthesis of PGE2 in gastric tissue homogenate. As shown in [Fig. 5](#f0025){ref-type="fig"}B, PGE2 concentration was decreased significantly (p \< 0.001) because of indomethacin-exposure, compared to the control group. Again, TMP pretreatment with doses (30 and 60 mg/kg) significantly (p \< 0.001) raised PGE2 concentration, compared to indomethacin-exposed group. On the other hand, pretreatment with TMP at dose 15 mg/kg presented no significant difference compared to indomethacin-exposed group. Rats treated with TMP alone demonstrated no significant difference in both COX-1 and PGE2, compared to the control group.Fig. 5Effect of pretreatment with TMP on: (A) COX-1, (B) PGE2 concentrations in indomethacin-induced gastric ulcer in rats. Data are presented as mean ± S.D. (n = 6) a and b: statistically significant from the corresponding control and indomethacin group, respectively, at *P* \< 0.05 using one-way analysis of variance (ANOVA) followed by Tukey's as a post*-hoc* test.

3.5. Effect of TMP pretreatment on VEGF expression {#s0095}
--------------------------------------------------

Expression of VEGF as an angiogenic marker using IHC staining was used to determine the degree of ulceration healing in stomach tissues. As shown in [Fig. 6](#f0030){ref-type="fig"}A, the degree of brown staining reflects the level of VEGF expression and hence, the angiogenesis status in the tissue. There is an obvious decrease in brown staining in indomethacin-exposed group, compared to control group ([Fig. 6](#f0030){ref-type="fig"}B) indicating a decrease in VEGF expression. Furthermore, Pretreatment with omeprazole (30 mg/kg) moderately improved VEGF expression as indicated by arrows ([Fig. 6](#f0030){ref-type="fig"}C). On the other hand, TMP pretreated group (15 mg/kg) showed mild increase of VEGF expression ([Fig. 6](#f0030){ref-type="fig"}D), while groups pretreated with TMP (30 and 60 mg/kg) as well as TMP-alone treated group demonstrated marked increase of brown coloration even more than the control group which indicate an improvement of VEGF expression in a dose related manner ([Fig. 6](#f0030){ref-type="fig"}E, F and G respectively). To confirm the effect of TMP on VEGF expression objectively, quantitative image analysis was carried out using ImageJ software (NIH, USA) and expressed as optical density (OD). As shown in [Fig. 7](#f0035){ref-type="fig"}, VEGF expression was decreased significantly (p \< 0.001) by about 43% as a result of indomethacin-exposure compared to the control group. It is worth mentioning that groups pretreated with omeprazole and TMP 15 mg/kg failed to demonstrate any significant elevation of VEGF expression, compared to indomethacin-exposed group. Interestingly, TMP pretreated with doses (30 and 60 mg/kg) and TMP-alone groups showed significant (p \< 0.001) increases in VEGF expression by 67%,78% and 98% respectively, in a dose related manner compared to indomethacin-exposed group.Fig. 6The effect of TMP pretreatment on expression of vascular endothelial growth factor (VEGF) by immunohistochemical staining (×100). The amount of brown staining reflects the level of VEGF expression and hence, the angiogenesis status in the tissue. (A): Control group; (B): Indomethacin-exposed group; (C): omeprazole-pretreated group; TMP-pretreated groups at doses 15 and 30 mg/kg (D and E respectively); (F): TMP-pretreated group at dose 60 mg/kg; (G): TMP-alone treated group.Fig. 7Quantitative image analysis for VEGF immunohistochemical staining, expressed as optical density (OD) across 6 different fields for each rat stomach section, Data are presented as mean ± S.D. (n = 6) a and b: statistically significant from the corresponding control and indomethacin group, respectively, at *P* \< 0.05 using one-way analysis of variance (ANOVA) followed by Tukey's as a post*-hoc* test.

4. Discussion {#s0100}
=============

The prevention or treatment of peptic ulcers is a major challenge that faces health care authorities these days. Ten percent of the worldwide population is affected by this disease ([@b0220]). The prevalence of *H. pylori* infection and peptic ulcer is high in Saudi Arabia as it is diagnosed in around 73% of the studied Saudi patients in the Western region of the Kingdom ([@b0185]). On the other hand, a survey study done in the major metropolitan areas in the Kingdom including 3000 individuals showed that NSAIDs are highly consumed as daily pain killers ([@b0020]). Moreover, the current gastric ulcer treatment has numerous adverse reactions as well as partial efficacy against gastric illnesses ([@b0190]) . Thus, the invention of safe and effective anti-ulcer drugs of plant origin is a medicinal research goal nowadays.

Tetramethylpyrazine (TMP) is an isolated purified chemical from a Chinese herb "*Ligusticium Wallichii*" that has been largely utilized in the treatment of vascular diseases. It guards against brain ischemic injuries and endorses cell proliferation and differentiation stimulated by ischemia ([@b0075]). Moreover, TMP has been shown to protect against reserpine-induced gastric lesion in rats, probably in promoting mucous barrier ([@b0260]). However, there is a shortage of data about the potential protective effects of TMP against experimentally induced gastric lesions as well as the possible underlying mechanisms. Therefore, this study was carried out to explore the possible gastroprotective effect of TMP versus indomethacin-induced stomach ulceration in rats as well as the causal mechanisms regarding oxidative stress, inflammation and angiogenesis.

Many investigational animal models have been used to induce gastric ulcer. Alcohol (ethanol/HCl) solution - when administrated orally - causes acute tissue injury and damage, accompanied by blood flow impairment and neutrophil efflux ([@b0005]). Inversely, NSAID-induced ulcer model is considered one of the most popular gastric ulcer models ([@b0235]). This model is based on the imbalance between anti-inflammatory and pro-inflammatory mediators at the site of injury as decreased prostaglandin E2 and increased secretion of IL-6 as well as TNF-α by epithelial cell ([@b0135], [@b0045]). It is worth mentioning that NSAIDs are extensively used for many indications as pain and inflammation in rheumatic disorders and osteoarthritis ([@b0170]). They also can be used for prevention and treatment of ischemic heart disease ([@b0095]). Therefore, NSAIDs-induced ulcer model has been utilized in the current study.

Initially, TMP doses 15, 30 and 60 mg/kg were determined based on the tested dosage range of TMP in preceding researches, in which TMP was tested at doses up to 150 mg/kg orally in rats. Moreover, these doses are far below the LD~50~ of TMP which is 800 mg/kg via the oral route in mice ([@b0260], [@b0070], [@b0165]). In addition, omeprazole was used as a reference drug for the test process. Clinically, omeprazole is broadly used as protective drug from gastric ulceration and many studies concerning gastroprotective actions have used omeprazole as a reference drug ([@b0125], [@b0225]).

In the current study, indomethacin exposure resulted in gross morphological injuries as well as histopathological changes and reduction of mucus amount within the gastric tissues of rat stomachs. On the other hand, TMP pretreatment at doses (15 and 30 mg/kg) showed lesser injuries relative to indomethacin-exposed group. While pretreatment with TMP highest dose demonstrated minor injuries with no histopathological alterations. Interestingly, TMP showed increase mucus secretion at all tested doses and these findings were in harmony with earlier study of [@b0260], in which TMP pretreatment showed significant increase of gastric mucus production.

Remarkably, Gastric ulcer occurs because of increased concentration of ROS such as hydrogen peroxide, hydroxyl radicals and superoxide anions. These (ROS) sequentially bring about oxidative stress in gastric tissue that has a crucial role in gastric bleeding and development of ulcer ([@b0180]). Those noxious effects of ROS can be counteracted by intracellular antioxidant enzymes, such as catalase, defending against ROS-made side effects. On the other hand, GSH can stop tissue injury by neutralizing ROS ([@b0030]). Furthermore, oxidative stress can lead to an upsurge in lipid peroxidation and hence, increase its product MDA which is commonly used as a marker for lipid peroxidation ([@b0080]). In present study, indomethacin induced oxidative stress as evidenced by decreased endogenous antioxidants like GSH content and CAT activity in gastric tissue accompanied by considerable rise in lipid peroxidation level which expressed as MDA concentration. These results were congruous with previous studies which presented that indomethacin plays a vital role in production of ROS and associated gastric mucosal apoptosis ([@b0080], [@b0130]). On contrary, pretreatment with TMP was found to be effective in alleviating-ROS mediated adverse effects in a dose-related manner. These findings agree with previous results which showed that TMP indirectly suppress oxidative stress via upregulating antioxidant enzyme activities ([@b0150]) and direct scavenging properties of TMP ([@b0270]). It is worthy noted that omeprazole itself has a significant antioxidant activity in-vitro by being a powerful scavenger of hypochlorous acid at acidic pH values that mimic intragastric clinical conditions ([@b0140]). In addition, omeprazole has been found to prevent oxidative damage of gastric tissue, via significantly blocking stress-induced generation of hydroxyl radical ([@b0055])

Alongside its direct harmful effect, oxidative stress induced by indomethacin could stimulate inflammatory response, encouraging the production of pro-inflammatory mediators including TNF-α and IL-6 ([@b0175]). Furthermore, indomethacin-induced oxidative stress can cause mitochondrial respiration uncoupling and hence, results in inflammation and manufacture of pro-inflammatory cytokines such as TNF-α and IL-6. These pro-inflammatory cytokines are responsible for induction of adhesion molecules like ICAM-1 which plays a major role in initiation and progression of the injury and inflammation of gastric tissue ([@b0045]). In fact, ICAM-1 expression has been found to provide adhesion between endothelial cells and leukocytes following injury ([@b0035]). In the current study, TMP pretreatment significantly reduced the concentration of TNF-α, IL-6 and ICAM-1, compared to indomethacin-exposed rats and eventually decreased inflammation. These results were consistent with previous study in which TMP was found to reduce the production of inflammatory cytokines ([@b0155]).

As evidenced in the current study, gastric damage which occur as a side effect of NSAIDs consumption is mainly due to COX-1 enzyme inhibition, which leads to inhibition of PGE2 synthesis and then, weakness or loss of gastric protection. This prostaglandin (PGE2) plays an important role in production of mucus and increasing gastric blood flow which consequently leads to the gastro-protective actin ([@b0245]). Again, indomethacin obviously decreased the gastric PGE2, the action that was partially prevented by TMP pretreatment. To our knowledge; the present study exposed for the first time a promotive effect of TMP on gastro-protective PGE2 versus indomethacin-induced gastric ulcers in rats. Additionally, [@b0090] reported that PGE2 has a healing-promoting effect which is associated with angiogenesis through stimulation of VEGF production in the fibroblasts, leading to stimulation of cell propagation. Furthermore, angiogenesis is crucial component for the tissue repair process. It reconstructs microvasculature that plays an important part in the ulcer healing process. COX-derived angiogenic growth factors such as VEGF and prostaglandin PGE2 are dynamically involved in these biological actions ([@b0250]). In this study, rats pretreated with TMP (15, 30 and 60 mg/kg) showed noticeable expression of VEGF. This could eventually promote healing process through endothelial cell production, survival and enhancing blood supply. These findings were in accordance with previous report of [@b0070] which approved that TMP has a promotive effect on VEGF expression in rat model of collagen-induced arthritis. Indeed, VEGF is a growth factor which has an important role in mucosal protection through its action on viability of endothelial cells and permeability of blood vessels ([@b0085]). It should be pointed out that VEGF expression is augmented during healing process of the gastric ulcer, telling that VEGF might has an important role in mucosal repair ([@b0240]).

In conclusion, TMP possesses a protective effect against indomethacin-induced gastric ulcer in rats. This could be explained -- at least partly -- by its antioxidant, anti-inflammatory and angiogenic effects.
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[^1]: Data are presented as mean ± S.D (n = 6). Indomethacin-exposed rats were given only indomethacin at a dose of 25 mg/kg intraperitoneally while all other pretreatments either with omeprazole (30 mg/kg) or TMP 15, 30 and 60 mg/kg were given orally one hour before indomethacin administration. a and b: statistically significant from the corresponding control and indomethacin group, respectively, at P \< 0.05 using one-way analysis of variance (ANOVA) followed by Tukey's as a post-hoc test.
